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a b s t r a c t
Positive-strand RNA viruses are the most common type of plant virus. Many aspects of the reproductive
cycle of this group of viruses have been studied over the years and this has led to the accumulation of a
signiﬁcant amount of insightful information. In particular, the identiﬁcation and characterization of
cis-acting RNA elements within these viral genomes have revealed important roles in many fundamental
viral processes such as virus disassembly, translation, genome replication, subgenomic mRNA transcrip-
tion, and packaging. These functional cis-acting RNA elements include primary sequences, secondary and
tertiary structures, as well as long-range RNA–RNA interactions, and they typically function by
interacting with viral or host proteins. This review provides a general overview and update on some
of the many roles played by cis-acting RNA elements in positive-strand RNA plant viruses.
& 2015 Elsevier Inc. All rights reserved.
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Introduction
Positive-strand RNA viruses contain single-stranded, coding-
sensed RNA genomes. Most plant viruses contain this type of
genome and many of them cause considerable damage to economic-
ally important crops. Accordingly, positive-strand RNA plant viruses
have been the focus of intense study for many years and this has led
to the accumulation of a substantial amount of information on
molecular aspects of infections. The intracellular portion of infections
can be broken down into several distinct steps. Following entry of a
virus into a host cell, the particle must disassemble to allow for
release of the RNA genome into the cytosol. This step is then
followed by translation of the viral RNA genome by host ribosomes,
which generates the viral proteins required for genome replication.
One of these proteins is the viral RNA-dependent RNA polymerase
(RdRp) that catalyzes the replication of the viral genome. For certain
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viruses, smaller viral messages termed subgenomic (sg) mRNAs are
transcribed by the viral RdRp during infections, which template the
translation of additional viral proteins. Following the accumulation
of sufﬁcient quantities of progeny viral RNA genomes and viral
capsid protein(s), the ﬁnal step in the reproductive process is
packaging, in which viral genomes are encased in a particle
composed of capsid protein. Each of the aforementioned steps is
controlled by a combination of viral and/or host proteins and RNA
elements within viral genomes. This review provides an overview
and update on the different roles played by cis-acting RNA elements
in regulating various steps in the reproduction of positive-strand
RNA plant viruses.
Virus disassembly
After infecting their host cells, the genomes of plus-strand RNA
viruses must shed their capsid before they can express their genetic
information. This disassembly or uncoating process has been studied
in plant viruses for decades, however the precise mechanisms
utilized by most icosahedral or rod shaped viruses still remain
elusive. Various models for disassembly have been proposed, and
two of these, co-translational uncoating and co-replicational uncoat-
ing, have garnered the most attention (Brisco et al., 1986; Shaw et al.,
1986; Wu et al., 1994).
Co-translational uncoating occurs when the capsid proteins (CPs)
in a virion are displaced from the viral RNA genome by ribosomes
translating a 50-proximal open reading frame (ORF). Two viruses
have been proposed to use this mechanism; the icosahedral Cowpea
chlorotic mottle virus (CCMV) (Brisco et al., 1986) and the helical
Tobacco mosaic virus (TMV) (Shaw et al., 1986; Wu et al., 1994). For
CCMV, it was found that the 50-end of the genome is released
through a channel formed at a pentameric vertex, thereby allowing
for ribosome binding to the 50-cap (Albert et al., 1997). The 50-cap
structure therefore represents a key RNA element in this disassem-
bly process. In the case of the capped TMV genome, the CP subunits
in its helical capsid bind more weakly to the terminal 68 nucleotides
of the 50 untranslated region (UTR) (Mundry et al., 1991). This makes
the terminus more prone to loosing CP subunits and results in
exposure of the 50-end to ribosomes (Wu et al., 1994). Thus, for TMV,
the cap structure as well as the 50-terminal sequence are important
RNA elements, respectively, for ribosome binding and 50-end access.
More recently, a co-translational disassembly model, somewhat
similar to that for CCMV but also involving proteolysis of CP
subunits, was proposed for Turnip crinkle virus (TCV) (Bakker
et al., 2012). In this case, however, the potential role of viral RNA
elements is likely more complex, because the TCV genome is not
capped and instead utilizes a translational enhancer in its 30UTR for
efﬁcient translation (Stupina et al., 2008).
Co-translational uncoating provides a reasonable explanation for
virion disassembly up to the end of the 50-proximal ORF, but it does
not account for how the remaining 30-portion of a viral RNA genome
is cleared of CP subunits. Consequently, a complementary mechan-
ism, termed co-replicational uncoating, was proposed to address this
issue (Brisco et al., 1986), and experimental support for the idea has
been provided for TMV (Wu and Shaw, 1997). In this mechanism,
once the RdRp is made, it binds to the RNA promoter in the genomic
30UTR and displaces the remaining coat protein subunits during
minus-strand synthesis (Brisco et al., 1986; Wu and Shaw, 1997).
Here, the 30-terminal promoter in the genome represents the RNA
element mediating the uncoating process. Though an attractive
model, this mechanism does not account for how the virus would
avoid gene silencing triggered by the presence of double-stranded
viral RNA in the cytosol. Collectively, the existing evidence indicates
that the cis-acting RNA elements most relevant to disassembly
reside near the 50- and 30-ends of viral genomes.
Translation: 50- and 30-proximal RNA elements
After disassembly, plus-sense RNA plant viruses use the host's
translation machinery to express their proteins. These viruses use a
wide variety of strategies to attract ribosomes, including utilizing
both a 50-cap and 30-poly(A) tail, just one of the aforementioned, or
neither (Dreher and Miller, 2006). Some viruses, like the potexvirus
Potato virus X (PVX), contain traditional 50-cap and 30-poly(A) tail
structures and, thus, recruit initiation factors in a similar fashion as
cellular mRNAs (Huang et al., 2004; Dreher and Miller, 2006).
However, PVX also contains RNA elements in its 50UTR that
contribute to translational enhancement (Huang et al., 2004; Park
et al., 2013); thus, in this instance, canonical translation is augmen-
ted by these 50-proximal viral RNA elements (Fig. 1A).
Other viruses like Turnip yellow mosaic tymovirus (TYMV) and
TMV possess a 50-cap but lack a 30-poly(A)tail. At their 30-termini,
both of these viruses contain tRNA-like structures (TLSs) that can be
amino-acylated (Gallie and Walbot, 1990; Matsuda and Dreher,
2004). The TLS of TYMV functions as a translational enhancer and
this activity is linked to its amino-acylation and ability to bind eEF1A
(Fig. 1B) (Matsuda and Dreher, 2004). The crystal structure of the
TYMV TLS was recently solved and shows that this sequence does
indeed adopt a tRNA-like conformation; however, it does so using a
very different set of intramolecular interactions (Colussi et al., 2014).
While the TMV TLS is structurally similar to the TYMV TLS, the
former does not mediate translation enhancement, and TMV instead
relies on a series of RNA pseudoknots upstream of the TLS for this
activity (Leathers et al., 1993). Additionally, the omega sequence in
the 50UTR of TMV functions to promote translation by augmenting
recruitment of eukaryotic initiation factor (eIF) 4F (Gallie, 2002).
Thus, unconventional RNA elements at both ends of TMV act to
facilitate cap-dependent translation (Fig. 1C).
Potyviruses have 30-poly(A) tails, but no 50-cap structures. Viral
genome-linked proteins (VPgs) are attached to the 50-end of their
genomes and may contribute to translational efﬁciency by inter-
acting with translation initiation factors (Khan et al., 2008; Eskelin
et al., 2011). Although the role of the VPg in viral translation
remains somewhat debatable in plant viruses, there is persuasive
evidence for translational enhancement mediated by an internal
ribosome entry site (IRES) in the 50UTRs of potyviruses, which
binds directly to eIF4G via an RNA pseudoknot (Fig. 1D) (Zeenko
and Gallie, 2005; Khan et al., 2009). The activity of this IRES is
further promoted by the presence of the 30-poly(A) tail, indicating
a level of cooperation between these atypical and conventional
RNA elements (Gallie, 2001).
Some viral genomes, such as tombusvirids, luteoviruses, and
umbraviruses, lack both a 50-cap and 30-poly(A) tail and instead
contain a 30 cap-independent translation enhancer (30CITE) in their
30UTRs (Nicholson and White, 2011; Simon and Miller, 2013). Most
30CITEs, such as those in luteoviruses, tombusviruses and panicov-
iruses, function by recruiting eIF4E and/or 4G and interacting with
their cognate 50UTRs through intra-genomic RNA–RNA interactions
(Fig. 1E) (Treder et al., 2008; Nicholson et al., 2010, 2013; Wang et al.,
2009). The RNA-mediated joining of termini relocates the 30CITE-
bound eIFs to the 50-end of the genome, which is the site to which
ribosomes are recruited. Other 30CITEs, such as that in TCV, bind
directly to the 60S ribosomal subunit (Stupina et al., 2008) (Fig. 1F),
which in turn engages the 40S subunit bound to a pyrimidine-rich
sequence in the 50UTR (McCormack et al., 2008; Stupina et al., 2011;
Simon, in press).
Most viruses contain a single 30CITE, but umbraviruses and
carmoviruses harbor more than one, and this has been shown to
extend host range (Miras et al., 2014; Gao et al., 2014). Structurally,
most 30CITEs have been studied at the level of RNA secondary
structure, however three-dimensional reconstructions are available
for two classes of 30CITE, the T-shaped structure (TSS) in TCV
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(McCormack et al., 2008; Zuo et al., 2010) and the panicum-like
translational enhancer (PTE) in Panicum mosaic virus (PMV) (Wang
et al., 2011) (Fig. 1F and G). These detailed structures have provided
important insights into how these RNAs engage their respective
ligands and operate mechanistically (Simon and Miller, 2013; Simon,
in press).
Translation: unconventional expression strategies
Due to their limited size, viruses must maximize their coding
potential. Accordingly, they utilize a variety of unusual gene
expression strategies to assist in this endeavor, including transla-
tional frameshifting, translation readthrough, and the utilization of
IRESes. In all cases, these translational strategies involve cis-acting
RNA elements that contribute to the function and regulation of
these activities.
Frameshifting occurs when a translating ribosome shifts for-
ward or backward into a different reading frame and continues to
decode the message (Firth and Brierley, 2012). This process
generally occurs at a low frequency, thus the frameshift proteins
are produced in small quantities (Miller and Giedroc, 2010). Many
different plus-strand RNA plant viruses employ this recoding
strategy, which is mediated by RNA elements proximal and distal
to frameshift sites.
Plus-strand RNA viruses, such as sobemoviruses and umbra-
viruses, utilize -1 frameshifting for RdRp production and this process
is facilitated by a combination of primary, secondary, and/or tertiary
RNA structures (Firth and Brierley, 2012). The primary element is a
slippery heptanucleotide sequence at the frameshift site that is
closely followed by a stem–loop (SL) or pseudoknot structure
(Miller and Giedroc, 2010). It has been proposed that the down-
stream structure provides resistance to the translating ribosome and
helps it to shift backwards into the -1 reading frame (Namy et al.,
Fig. 1. Viral cis-acting RNA elements involved in translation. In (A)–(E), linear versions of selected viral RNA genomes are shown with coding regions represented as gray boxes.
The cis-acting RNA sequences, structures, and long-range interactions required for efﬁcient translation, as described in the text, are highlighted in gold. (A) PVX, showing 50-cap,
50UTR and 30-poly(A) tail. (B) TYMV, showing 50-cap and 30-terminal TLS. (C) TMV, showing 50-cap, 50UTR, 30-pseudoknots (PKs). (D) TEV, showing VPg, 50-pseudoknot, and 30-poly
(A) tail. (E) TBSV, showing 30CITE and its long-range RNA-RNA interaction with the 30UTR (dotted line). (F) 3D model for the T-shaped structure class of 30CITE in TCV.
Corresponding RNA secondary structure showing tertiary interactions (dotted arrows) is shown to the right (adapted fromMcCormack et al., 2008). (G) 3D model of the PTE class
of 30CITE in PMV. Corresponding RNA secondary structure showing tertiary interaction (dotted arrow) is shown to the right (adapted from Wang et al., 2011).
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2006). In certain cases, an additional long-range RNA–RNA interac-
tion between the shift-proximal higher-order structure and a
sequence far downstream in the genome is needed for frameshifting
to occur (Fig. 2A). This latter requirement is true for both luteoviruses
and dianthoviruses, and the communication may help to coordinate
frameshifting with minus-strand RNA synthesis (Barry and Miller,
2002; Tajima et al., 2011). The less typical þ1 frameshifting has been
proposed to occur in Citrus tristeza virus (CTV) and Beet yellows
virus (BYV), members of the family Closteroviridae (Miller and
Giedroc, 2010), but this process and its associated RNA elements
are less well characterized. A slippery heptanucleotide sequence that
includes a stop or “hungry” codon (i.e. CGG for Arg) has been
implicated as well as a possible downstream secondary structure
(Agranovsky et al., 1994; Çevik, 2001); however the precise frame-
shifting mechanism involved remains unclear (Fig. 2A).
Readthrough, like frameshifting, provides a way to produce small
amounts of C-terminally extended proteins, most often the RdRp. In
certain viruses, the stop codon of a particular gene is “leaky” and a
small percentage of ribosomes are able to continue translating by
incorporating an amino acid at the position of the stop codon (Firth
and Brierley, 2012). Three major classes of readthrough element are
associated with leaky stop codons. For type I readthrough, the stop
codon UAG is followed by CARYYA, where R is a purine, and Y is a
pyrimidine (Fig. 2B) (Skuzeski et al., 1991). Tobamoviruses, beny-
viruses and pomoviruses are known to use this class of readthrough
element (Firth and Brierley, 2012). Type II readthrough elements,
found in tobraviruses and furoviruses, typically involve an UGA stop
codon followed by either CGG or CUA and then a large RNA stem–
loop structure (Fig. 2B) (Urban et al., 1996; Firth et al., 2011). Type III
readthrough occurs at an UAG stop codon followed by a guanine
residue and then a secondary or tertiary structure (Firth and Brierley,
2012). This form of readthrough in tombusviruses, carmoviruses, and
betanecroviruses also requires a long-range interaction between the
structure at the readthrough site and the genomic 30UTR, and in
CIRV, this interaction was shown to coordinate translation of the
viral polymerase with viral genome replication (Fig. 2B) (Cimino
et al., 2011; Newburn et al., 2014). Moreover, this requirement of
long-range communication for readthrough appears to be a common
feature of tombusvirids (Cimino et al., 2011; Newburn et al., 2014).
Another alternative translation strategy utilized by plus-strand
RNA viruses is to employ IRESes, which function to recruit
ribosomes independent of a 50-cap structure or a 50-terminus
(Balvay et al., 2009). Plant virus IRESes generally correspond to
poorly conserved sequences that may or may not contain sig-
niﬁcant RNA secondary structure (Dreher and Miller, 2006). The
uncapped potyvirus Tobacco etch virus contains an IRES in its
50UTR that functions by binding to eIF4G via a pseudoknot
(Fig. 2D) (Zeenko and Gallie, 2005). Other VPg-containing viruses
such as nepoviruses and poleroviruses also harbor IRESes in their
genomes; with the nepovirus element being larger and structu-
rally undeﬁned, and the polerovirus element corresponding to a
short run of purines (Jaag et al., 2003; Karetnikov and Lehto,
2007). In both cases, it was speculated that these RNA elements
promote translation by interacting with rRNA in the ribosome.
IRESes are also located at internal genomic positions within
certain viral genomes. For example, crucifer-infecting (cr) TMV has
two IRESes. One is active only in the I2 sg mRNA and directs the
translation of the movement protein, while the other is active in
both the genome and I2 sg mRNA, allowing for CP production
(Dorokhov et al., 2006). The latter IRES contains a bulged stem–loop
structure that is ﬂanked by two purine-rich sequences that are
crucial for IRES activity (Dorokhov et al., 2002) (Fig. 2C). CP
expression from viral genomes is also mediated by IRESes in two
carmoviruses, Hibiscus chlorotic ringspot virus (HCRSV) and Pelar-
gonium ﬂower break virus (PFBV) (Koh et al., 2003; Fernández-
Miragall and Hernández, 2011), as well as the betanecrovirus TNV-D
(Newburn et al., 2014) (Fig. 2C). Consistent with the hard-to-deﬁne
nature of these elements, these latter IRESes do not share any
obvious similarities at either the sequence or predicted higher-order
structure levels.
Fig. 2. Unconventional translation strategies. (A) Cartoons depicting portions of viral genomes harboring RNA sequences and structures involved in 1 frameshifting in the
luteovirus BYDV and þ1 frameshifting in the closteroviruses CTV and BYV. For BYDV, the structure at the frameshift site interacts with a far-downstream sequence, as
indicted by the dashed line. In the examples shown the frameshift protein produced is the viral RdRp. (B) Cartoons depicting regions of viral genomes containing RNA
sequences and structures involved in translation readthrough for type I–III elements in TMV, TRV and TNV-D, respectively. For TNV-D, the structure at the readthrough site
interacts with a far-downstream sequence, as indicted by the dashed line. In the examples shown, the readthrough protein produced is the viral RdRp. (C) Cartoons depicting
parts of viral genomes or a sg mRNA comprising RNA sequences and structures involved in mediating IRES activity in crTMV and PFBV. Viral movement or CPs are expressed
in the examples shown. See text for details.
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Viral genome replication
Viral genome replication of plus-sense RNA plant viruses occurs
following translation of viral replication proteins. This process is
executed by the RdRp-containing viral RNA replication complex (RC)
and proceeds via synthesis of a genomic minus-strand RNA inter-
mediate. Cis-acting RNA elements that promote and regulate this
process are present in the 30UTR, internal regions, and 50UTR of the
viral genomes. A variety of different sequences and structures have
been identiﬁed and, characterized and those from some of the best
studied examples are described below.
One of the most extensively investigated viruses in terms of
genome replication is Brome mosaic virus (BMV), which consists of
three RNA genome segments, RNA 1–3. The 30-terminal regions of all
BMV RNAs fold into a TLS in which a stem–loop, SLC, represents a
key binding element for the viral RC (Fig. 3A) (Chapman and Kao,
1999; Sivakumaran et al., 2000). The atomic structure of SLC was
solved and revealed a more ﬂexible lower stem region containing an
internal loop and a more rigid upper section containing an AUA
terminal loop (Kim et al., 2000). Moreover, efﬁcient minus-strand
RNA synthesis was found to require a speciﬁc conformation of the
AUA loop, known as a clamped adenine motif (Kim et al., 2000; Kim
and Kao, 2001). The intercistronic region of BMV RNA3 also contains
an important regulatory sequence that folds into an extended
structure (Fig. 3A) (Baumstark and Ahlquist, 2001). The apical
stem–loop in this structure matches the box-B sequence of the
RNA polymerase III promoter and interacts with the BMV protein
1a (Sullivan and Ahlquist, 1999). The B-box motif is also present in
the 50UTR of BMV RNA1 and RNA2 (Chen et al., 2001; Choi et al.,
2004; Yi and Kao, 2008) and, similarly, plays important roles in
1a-dependent selection of these viral genomes for replication (Choi
et al., 2004; Yi and Kao, 2008). Comparable to the BMV RNA-box-B
interaction, the TMV 126-kDa RdRp protein binds to the 50UTR of the
viral genome and selects it as a template for replication. This inte-
raction occurs during translation of the 126-kDa RdRp, thereby
coupling translation and replication and promoting cis-preferential
replication of the genome (Kawamura-Nagaya et al., 2014). For BMV,
RNA elements involved in plus-strand production have also been
Fig. 3. Viral cis-acting RNA elements involved in genome replication. Linear versions of selected viral RNA genomes are shown. The cis-acting RNA sequences, structures, and
long-range interactions involved in mediating genome replication, as described in the text, are highlighted in gold. (A) The three genomic RNA segments of BMV. Also
depicted are the 50-proximal and internal B-boxes and the 30-terminal TLSs. (B) TBSV, showing the 50UTR, internal RII-SL, and 30-terminal SL1/2/3. The long-range RNA–RNA
interaction between the UL and DL sequences that unite the RII-SL and SL1/2/3 is depicted by a dotted line. (C) RCNMV, showing the 30-proximal SLs in both segments and
the TA and YRE structures in RNA2. (D) PVX, showing the 50-proximal octanucleotide (octa) in the 50UTR and 30-proximal hexanucleotide (hexa) in the 30UTR. Both of these
terminally-located RNA elements base pair with internal octanucleotide sequences, as shown by the dotted lines. (E) BaMV, showing the polyadenylation signal AAUAAA and
30-terminal pseudoknot involving the 30-poly(A) tail. The 30-proximal hexanucloetide shown is also important for genome replication.
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explored, and it was determined that a small stem–loop structure
that forms at the 30-end of the minus-strand of RNA2 serves as the
core promoter for this process (Sivakumaran et al., 1999).
The tombusviruses, typiﬁed by Tomato bushy stunt virus (TBSV),
have been the focus of intense studies on genome replication for
many years (White and Nagy, 2004). The core promoter for minus-
strand synthesis is the 30-terminal structure, SL1 (Panavas et al.,
2002), however its activity is modulated by an interaction between
the 30-terminal sequence (that includes part of SL1) and a bulge in
upstream SL3 (Fig. 3B) (Pogany et al., 2003). Such short-range
interactions that modulate core promoter activity also occur in the
carmovirus TCV (Zhang et al., 2004) and appear to be a common
feature of most tombusvirids (Na and White, 2006). In addition to
these 30-proximal structures, an internal RNA element in the p92/
RdRp coding region of TBSV is also required for replication
(Monkewich et al., 2005) and corresponding RNA elements are also
present in other tombusvirids (Nicholson et al., 2012). The extended
RNA hairpin containing a crucial CC mismatch, called RII-SL in TBSV,
binds to the viral p33 auxiliary replication proteinwhich recruits the
genome for replication (Fig. 3B) (Pogany et al., 2005). RII-SL and the
30-terminal SL1/2/3 are united by a long-range intragenomic RNA–
RNA interaction between upstream and downstream linker (UL and
DL) sequences, and the bipartite RNA platform that is formed (i.e.
RII-SL-SL1/2/3) mediates assembly of the viral RC (Fig. 3B) (Wu et al.,
2009; Nagy et al., 2012). For plus-strand synthesis, additional RNA
structures in the 50UTR, as well as in its complementary sequence,
contribute to this event (Wang and White, 2007; Panavas et al.,
2003). Still other RNA elements in the minus-strand are implicated
in boosting genome replication by assisting in the retention and
unfolding of the minus-strand genome template (Wang and Nagy,
2008; Kovalev and Nagy, 2014). Since the intermediate in tombus-
virus RNA synthesis is double-stranded RNA, access to these
elements in the minus strand is mediated by the recruitment of
host helicases (Kovalev et al., 2014; Kovalev and Nagy, 2014).
The dianthovirus RCNMV is also a tombusvirid and represents
an additional useful model system for understanding viral genome
replication. RCNMV is unique among tombusvirids in that it
possesses a bi-segmented RNA genome. Both genome segments
contain RNA structures in their 30UTR that are important for
replication. In RNA1, the stem–loops SLDE and SLF and the
intervening sequence are considered to be the core promoter for
minus-strand synthesis (Fig. 3C) (Iwakawa et al., 2007). The
corresponding sequence and structures in RNA2, including SL11
and SL13, represent the core promoter for this genome segment.
However, RNA2 has two additional RNA elements that are also
crucial for minus-strand synthesis; a Y-shaped RNA element (YRE)
(An et al., 2010; Iwakawa et al., 2011), and a trans-activator (TA)
element in the coding region (Fig. 3C) (Tatsuta et al., 2005). As
RNA2 is replicated by the RdRp that is translated from RNA1, the
extra RNA elements in this template likely contribute to mediating
this distinctive trans-replication scheme (Iwakawa et al., 2011).
There have also been notable studies on the RNA elements
modulating genome replication in potexviruses. PVX, the type
member of the genus, contains elements important for replication
in its 30UTR, internal coding region, and 50UTR. The 30UTR contains
three functional RNA stem–loops: SL1–SL3. The formation of SL3 is
critical for minus-strand genome accumulation, while SL1 and SL2
are less important (Pillai-Nair et al., 2003). SL3 contains a hex-
anucleotide sequence in its terminal loop that is conserved in all
potexviruses (Bancroft et al., 1991) and, for minus-strand synthesis
in PVX, this sequence must pair with one of several upstream
octanucleotide elements (Fig. 3D) (Hu et al., 2007). The genomic
50UTR contains structures that are required for plus-strand RNA
accumulation (Miller et al., 1998) and an octanucleotide sequence
in this region also participates in a long-range interaction with
downstream internal octanucleotide elements (Fig. 3D) (Hu et al.,
2007). The precise roles of these distance-spanning interactions
are not known, however they are thought to somehow position
termini optimally for processes related to genome replication (Hu
et al., 2007).
Bamboo mosaic virus (BaMV) is another potexvirus where RNA
elements involved in genome replication have been characterized.
BaMV possesses a 30-poly(A) tail that is important for genome
stability and translation (Bergamini et al., 2000) and is also involved
in genome ampliﬁcation (Tsai et al., 1999; Chen et al., 2005). As for
PVX, the 30UTR of the BaMV genome folds into a series of SLs,
however in BaMV the 30-poly(A) tail participates in the formation of
a pseudoknot that is critical for efﬁcient genomic minus-strand
synthesis (Fig. 2E) (Cheng et al., 2002; Chen et al., 2005). Interest-
ingly, glyceraldehyde 3-phosphate dehydrogenase binds to this
pseudoknot and inhibits negative-strand synthesis, thus this struc-
ture participates in both up- and down-regulation of genome
replication (Prasanth et al., 2011). In addition to the 30-poly(A) tail,
the polyadenalation signal, AAUAAA, present in the 30UTR, is also
important for minus-strand synthesis in a manner independent
from its importance in the formation of the 30-poly(A) tail (Fig. 3E)
(Chen et al., 2005). Considering also that the RC isolated from BaMV-
infected plants contains both replicase activity and polyadenylation
activity, it appears that BaMV genome replication is intimately
linked to polyadenylation (Chen et al., 2013).
Subgenomic mRNA transcription
Most plus-strand RNA viruses with polycistronic coding organi-
zation transcribe sg mRNAs that allow for translation and expression
of downstream ORFs (Sztuba-Solińska et al., 2011). The majority of sg
mRNAs have 50-ends that map to internal regions of the genome,
just upstream of the ORF to be translated, while their 30-ends are
coterminal with the genome. However, some sg mRNAs are 50-
coterminal with the genome and have 30-ends mapping to internal
regions. In either case, transcription of these truncated genomic
messages is performed by viral RdRps, and several distinct mechan-
isms have been uncovered. The RdRps involved are guided by
different RNA elements that control various steps in the transcrip-
tion process.
The earliest transcriptional mechanism reported was that of
internal initiation (Miller et al., 1985). In this mechanism, a promoter
located internally in the full-length genomic minus-strand is used to
initiate the synthesis of the sg mRNA, which then terminates when
the RdRp reaches the 50-end of the template (Sztuba-Solińska et al.,
2011). This produces a sg mRNA that is 30-coterminal with the
genome template (Fig. 4A). BMV utilizes this mechanism to transcribe
sgRNA4 from RNA3, which serves as the template for translation of
the p20 CP (Miller et al., 1985). The internal initiation is guided by a
core sg promoter that includes a stem–loop RNA structure in the
inter-cistronic region of the minus-strand of RNA3 (Sivakumaran
et al., 2004). This type of internal initiation mechanism is also used
by other viruses, such as tobamoviruses and alfamoviruses (Skulachev
et al., 1999; Haasnoot et al., 2000). Interestingly, BMV also produces a
second sg mRNA, termed sgRNA3a, which encodes the upstream p33
movement protein (Wierzchoslawski et al., 2006). For this sg mRNA,
its 50-end is coterminal with the 50-terminus of RNA3. The model to
explain the transcription of this unconventional message is that the
promoter for synthesis of plus-strand RNA3 is used to initiate trans-
cription; however, instead of continuing copying to the end of the
minus-strand RNA3 template, the RdRp terminates prematurely in
the intergenic region (Fig. 4Bi) (Wierzchoslawski et al., 2006). Termi-
nation is thought to be mediated by secondary structure and a poly
(U)-tract in the intergenic region of the template which would, resp-
ectively, impede replicase progression and facilitate its dissociation
due to weaker base pairing (Wierzchoslawski et al., 2006).
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Another form of premature termination-mediated transcription
of sg mRNAs occurs during minus-strand synthesis (White, 2002). In
this instance, the RdRp terminates internally during minus-strand
synthesis of the genome and the 30-truncated RNA generated is used
as a template for transcription of the sg mRNA (Fig. 4Bii). The result
is a sg mRNA that is 30-coterminal with the viral genome. Many
tombusvirids utilize this method for creating sg mRNAs, including
RCNMV, TBSV, Cucumber leaf spot virus (CLSV), TCV, and TNV-D
(Jiwan et al., 2011). In these cases, a strong RNA secondary structure
and associated AU-rich linear sequence are integral to promoting the
termination step; which, like for production of BMV sgRNA3a, are
believed to stall the RdRp in a region of weak base pairing and
promote its dissociation (Jiwan and White, 2011). Interestingly, the
required RNA secondary structure can be formed by either local
sequences (TCV and TNV-D; Wu et al., 2010; Jiwan andWhite, 2011),
long-range intra-genomic interactions (TBSV and CLSV; Choi and
White, 2002; Lin and White, 2004; Xu and White, 2008) or even
inter-genomic interactions (RCNMV; Sit et al., 1998). Moreover, in
TBSV, the RNA structure required for sg mRNA2 transcription could
be replaced by a hairpin RNA aptamer that binds to the small
molecule theophylline. This modiﬁcation allowed for dose-
dependent control of sg mRNA2 transcription in vivo during infec-
tions by adding theophylline to the cell medium (Wang et al., 2008).
Sg mRNA transcription in CTV appears to involve a combination
of mechanisms. The cis-acting RNA secondary structures upstream
of each sg mRNA initiation site are referred to as controller
elements (CEs), because it is unclear whether they function as
promoters or terminators in sg mRNA production (Fig. 4C) (Ayllón
et al., 2004, 2005). Three sets of sg-related RNAs that originate
from each CE are produced in CTV infections, yet only one of the
sets acts to template translation of viral proteins (Ayllón et al.,
2004). The mechanism involved in producing these multiple sets
of sg-related RNAs remains to be elucidated.
Virus assembly
Encapsidation of nascent viral genomes represents the last
stage of virus reproduction, and here too, RNA elements can be
integral. The assembly of helical and icosahedral plant viruses has
been studied for many years (Rossmann, 2013); however in only a
few cases have the RNA elements that initiate this process, i.e. the
packaging signals or origins of assembly (OAS), been identiﬁed.
The OAS for the rod-shaped TMV was the ﬁrst to be discovered
and is located 900–1300 nucleotides from the 30-end of the genome
(Zimmern, 1983). Of the three stem–loops in this 30-region, only SL1
is essential and it functions to bind to the ﬁrst double-disk coat
protein subunit complex to nucleate the bidirectional assembly
process (Fig. 5A) (Bulter and Klug, 1971; Steckert and Schuster,
1982; Turner and Butler, 1986; Turner et al., 1988). In contrast, the
OAS for the rod-shaped potexvirus PVX is located at the 50-end of
the genome and consists of 100 nt that contain all of the
regulatory elements, including a large stem–loop structure (SL1),
necessary to bind the coat proteins to the genome (Kwon et al.,
2005; Lough et al., 2006). Interestingly, the 50-cap structure in this
genome has also been identiﬁed as an important determinant of
PVX assembly (Fig. 5B) (Petrova et al., 2013). The packaging of other
potexviruses has been studied as well and their OASes also map to
the 50-ends of their genomes (Sit et al., 1994; Mukhamedzhanova
et al., 2011). This OAS location may be beneﬁcial to the assembly
process, because it would preclude encapsidation of the 30-coterm-
inal sg mRNAs that are synthesized during infections.
For the icosahedral virus BMV, the TLSes in all BMV RNAs are
necessary for packaging in vitro and are hypothesized to represent
OASes (Fig. 5C) (Choi et al., 2002); however, in non-replicating
assembly assays in vivo, the TLS of RNA3, but not those of RNA1
Fig. 4. Viral cis-acting RNA elements involved in subgenomic mRNA transcription. RNA
elements that promote transcription are highlighted in gold. (A) A generic plus-strand
RNA genome is depicted by the solid arrow on top. In the internal initiation model, an
internally positioned promoter (i.e. the highlighted hairpin) in the full-length minus-
strand genome (dotted line) directs transcription of the sg mRNA (green). An example of
the virus that utilize the mechanism is listed. (B) Premature termination models. Sg
mRNAs that are 50-coterminal with the genome are produced when the RdRp terminates
prematurely during plus-strand synthesis of the genome, while those 30-coterminal with
the genome are transcribed from a truncated template generated when the RdRp
terminates early during minus-strand genome synthesis. In both cases, AU-rich sequences
and secondary structure (highlighted) are involved in mediating the early termination
events. SgmRNAs are shown in green and examples of viruses that use thesemechanisms
are listed. (C) An unknown transcriptional mechanism is used by CTV to generate the sets
of sg mRNA-related RNAs that emanate from the control elements (CEs). Sg mRNAs
encoding viral proteins coded in the 30-two-thirds of the genome are shown in green.
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and RNA2, is required (Annamalai and Rao, 2007). The packaging
mechanism in BMV is further complicated by the fact that RNA3
and sgRNA4 are copackaged into a single particle. This latter
process requires a cis-acting, position-dependent, packaging ele-
ment (PE) in the movement protein gene in RNA3 and likely
involves a sequential mode of assembly (Fig. 5C) (Choi and Rao,
2003). The packaging process in BMV has also been shown to be
functionally coupled to viral RNA replication and translation,
indicating that different viral processes can contribute to virus
assembly (Annamalai and Rao, 2006; Chaturvedi and Rao, 2014).
The tombusvirid RCNMV is another icosahedral virus that
utilizes copackaging. This virus has two RNA genome segments
and both are encapsidated into one virion. The OAS for this virus is
the multifunctional trans-activator (TA) hairpin, which is present
in the coding region of RNA2 (Fig. 5D) (Basnayake et al., 2009).
Copackaging is mediated by the formation of an RNA1-RNA2
complex, which is established by the TA in RNA2 base pairing
with the trans-activator binding sequence (TABS) in the intergenic
region of RNA1 (Basnayake et al., 2009). The OAS in the non-
segmented tombusvirid TCV has also been identiﬁed. For TCV, a
sequence at the 30-end of the coat protein ORF was found to be
essential for genome encapsidation (Fig. 5E). This sequence forms
a bulged RNA hairpin that mediates packaging of both homologous
and heterologous RNAs in vivo (Qu and Morris, 1997); accordingly,
this structure is both required and sufﬁcient for capsid assembly.
Concluding remarks
Signiﬁcant advances have been made in identifying and char-
acterizing cis-acting RNA elements in plus-strand RNA plant viruses.
These studies have revealed critical roles for these elements in
essentially all steps of the virus reproductive cycle and have
illuminated their diversity in both structure and function. Moreover,
the discovery and characterization of novel RNA viruses and their
associated RNA elements will be further facilitated by the advent of
new research tools such as next generation sequencing (Barba et al.,
2014) and high-throughput RNA structure probing techniques (Low
and Weeks, 2010). However, having already uncovered a variety of
RNA elements in many known viruses, a current challenge is to
understand how these elements are integrated into the viral genome
and how their structures and activities are coordinated within this
complex context. Accordingly, an important future goal will be to
deduce and characterize the global architectures of complete viral
RNA genomes (Wu et al., 2013).
Acknowledgments
The authors apologize to those colleagues whose research was
not included owing to space restrictions. LRN was supported by an
NSERC graduate fellowship and this work was supported by an
NSERC discovery grant.
References
Agranovsky, A.A., Koonin, E.V., Boyko, V.P., Maiss, E., Frötschl, R., Lunina, N.A.,
Atabekov, J.G., 1994. Beet yellows closterovirus: complete genome structure
and identiﬁcation of a leader papain-like thiol protease. Virology 198, 311–324.
Albert, F.G., Fox, J.M., Young, M.J., 1997. Virion swelling is not required for
cotranslational disassembly of cowpea chlorotic mottle virus in vitro. J. Virol.
71, 4296–4299.
Annamalai, P., Rao, A.L., 2006. Packaging of brome mosaic virus subgenomic RNA is
functionally coupled to replication-dependent transcription and translation of
coat protein. J. Virol. 80, 10096–10108.
Ayllón, M.A., Gowda, S., Satyanarayana, T., Dawson, W.O., 2004. Cis-acting elements
at opposite ends of the Citrus tristeza virus genome differ in initiation and
termination of subgenomic RNAs. Virology 322, 41–50.
Ayllón, M.A., Satyanarayana, T., Gowda, S., Dawson, W.O., 2005. An atypical 30-
controller element mediates low-level transcription of the p6 subgenomic
mRNA of Citrus tristeza virus. Mol. Plant Pathol. 6, 165–176.
An, M., Iwakawa, H.O., Mine, A., Kaido, M., Mise, K., Okuno, T., 2010. A Y-shaped RNA
structure in the 30 untranslated region together with the trans-activator and
core promoter of Red clover necrotic mosaic virus RNA2 is required for its
negative-strand RNA synthesis. Virology 405, 100–109.
Annamalai, P., Rao, A.L.N., 2007. In vivo packaging of brome mosaic virus RNA3, but
not RNAs 1 and 2, is dependent on a cis-acting 30tRNA-like structure. J. Virol. 81,
173–181.
Barba, M., Czosnek, H., Hadidi, A., 2014. Historical perspective, development and
applications of next-generation sequencing in plant virology. Viruses 6,
106–136.
Bakker, S.E., Ford, R.J., Barker, A.M., Robottom, J., Saunders, K., Pearson, A.R., Ranson,
N.A., Stockley, P.G., 2012. Isolation of an asymmetric RNA uncoating intermedi-
ate for a single-stranded RNA plant virus. J. Mol. Biol. 417, 65–78.
Fig. 5. Viral cis-acting RNA elements involved in packaging. Relevant portions of
viral RNA genomes important for packaging are shown with critical elements
highlighted in gold. (A) The TMV OAS, located near the 30-end of the genome, is
composed of three stem–loop structures. (B) In PVX, the 50-cap and 50UTR of the
genome correspond to the viral OAS. (C) BMV RNA3 requires both the 30-terminal
TLS and an internal position-dependent packaging element (PE) for assembly.
(D) The RCNMV OAS is the TA element in RNA2 and it base pairs with the TABS in
RNA1 to mediate copackaging of both genome segments. (E) The TCV OAS is a
stem–loop structure located in the CP-coding region of the viral genome.
L.R. Newburn, K.A. White / Virology 479-480 (2015) 434–443 441
Balvay, L., Soto Rifo, R., Ricci, E.P., Decimo, D., Ohlmann, T., 2009. Structural and
functional diversity of viral IRESes. Biochim. Biophys. Acta 1789, 542–557.
Bancroft, J.B., Rouleau, M., Johnston, R., Prins, L., Mackie, G.A., 1991. The entire
nucleotide sequence of foxtail mosaic virus RNA. J. Gen. Virol. 72, 2173–2181.
Barry, J.K., Miller, W.A., 2002. A -1 ribosomal frameshift element that requires base
pairing across four kilobases suggests a mechanism of regulating ribosome and
replicase trafﬁc on a viral RNA. Proc. Natl. Acad. Sci. USA 99, 11133–11138.
Basnayake, V.R., Sit, T.L., Lommel, S.A., 2009. The Red clover necrotic mosaic virus
origin of assembly is delimited to the RNA-2 trans-activator. Virology 384,
169–178.
Baumstark, T., Ahlquist, P., 2001. The brome mosaic virus RNA3 intergenic replica-
tion enhancer folds to mimic a tRNA TpsiC-stem loop and is modiﬁed in vivo.
RNA 7, 1652–1670.
Bergamini, G., Preiss, T., Hentze, M.W., 2000. Picornavirus IRESes and the poly
(A) tail jointly promote cap-independent translation in a mammalian cell-free
system. RNA 6, 1781–1790.
Brisco, M., Hull, R., Wilson, T.M., 1986. Swelling of isometric and of bacilliform plant
virus nucleocapsids is required for virus-speciﬁc protein synthesis in vitro.
Virology 148, 210–217.
Bulter, P.J.G., Klug, A., 1971. Assembly of the particle of tobacco mosaic virus from
RNA and disks of protein. Nat. New Biol. 229, 47–50.
Çevik, B., 2001. Characterization of the RNA-dependent RNA polymerase gene of
citrus tristeza closterovirus. University of Florida, Gainsville, Florida (Ph.D.
thesis).
Chapman, M.R., Kao, C.C., 1999. A minimal RNA promoter for minus-strand RNA
synthesis by the brome mosaic virus polymerase complex. J. Mol. Biol. 286,
709–720.
Chaturvedi, S., Rao, A.L., 2014. Live cell imaging of interactions between replicase
and capsid protein of Brome mosaic virus using Bimolecular Fluorescence
Complementation: implications for replication and genome packaging. Virol-
ogy 464–465, 67–75.
Chen, I.H., Cheng, J.H., Huang, Y.W., Lin, N.S., Hsu, Y.H., Tsai, C.H., 2013. Character-
ization of the polyadenylation activity in a replicase complex from Bamboo
mosaic virus-infected Nicotiana benthamiana plants. Virology 444, 64–70.
Chen, I.H., Chou, W.J., Lee, P.Y., Hsu, Y.H., Tsai, C.H., 2005. The AAUAAA motif of
bamboo mosaic virus RNA is involved in minus-strand RNA synthesis and plus-
strand RNA polyadenylation. J. Virol. 79, 14555–14561.
Chen, J., Noueiry, A., Ahlquist, P., 2001. Brome mosaic virus Protein 1a recruits viral
RNA2 to RNA replication through a 50 proximal RNA2 signal. J. Virol. 75,
3207–3219.
Cheng, J.H., Peng, C.W., Hsu, Y.H., Tsai, C.H., 2002. The synthesis of minus-strand
RNA of bamboo mosaic potexvirus initiates from multiple sites within the poly
(A) tail. J. Virol. 76, 6114–6120.
Choi, Y.G., Dreher, T.W., Rao, A.L., 2002. tRNA elements mediate the assembly of an
icosahedral RNA virus. Proc. Natl. Acad. Sci. USA 99, 655–660.
Choi, S.K., Hema, M., Gopinath, K., Santos, J., Kao, C., 2004. Replicase-binding sites
on plus- and minus-strand brome mosaic virus RNAs and their roles in RNA
replication in plant cells. J. Virol. 78, 13420–13429.
Choi, Y.G., Rao, A.L., 2003. Packaging of bromo mosaic virus RNA3 is mediated
through a bipartite signal. J. Virol. 77, 9750–9757.
Choi, I.R., White, K.A., 2002. An RNA activator of subgenomic mRNA1 transcription
in tomato bushy stunt virus. J. Biol. Chem. 277, 3760–3766.
Cimino, P.A., Nicholson, B.L., Wu, B., Xu, W., White, K.A., 2011. Multifaceted
regulation of translational readthrough by RNA replication elements in a
tombusvirus. PLoS Pathog. 7 (12), e1002423.
Colussi, T.M., Costantino, D.A., Hammond, J.A., Ruehle, G.M., Nix, J.C., Kieft, J.S., 2014.
The structural basis of transfer RNA mimicry and conformational plasticity by a
viral RNA. Nature 511, 366–369.
Dorokhov, Y.L., Ivanov, P.A., Komarova, T.V., Skulachev, M.V., Atabekov, J.G., 2006.
An internal ribosome entry site located upstream of the crucifer-infecting
tobamovirus coat protein (CP) gene can be used for CP synthesis in vivo. J. Gen.
Virol. 87, 2693–2697.
Dorokhov, Y.L., Skulachev, M.V., Ivanov, P.A., Zvereva, S.D., Tjulkina, L.G., Merits, A.,
Gleba, Y.Y., Hohn, T., Atabekov, J.G., 2002. Polypurine (A)-rich sequences
promote cross-kingdom conservation of internal ribosome entry. Proc. Natl.
Acad. Sci. USA 99, 5301–5306.
Dreher, T.W., Miller, W.A., 2006. Translational control in positive strand RNA plant
viruses. Virology 344, 185–197.
Eskelin, K., Hafrén, A., Rantalainen, K.I., Mäklnen, K., 2011. Potyviral VPg enhances
viral RNA translation and inhibits reporter mRNA translation in planta. J. Virol.
85, 9210–9221.
Fernández-Miragall, O., Hernández, C., 2011. An internal ribosome entry site directs
translation of the 30-gene from Pelargonium ﬂower break virus genomic RNA:
implications for infectivity. PLoS One 6 (7), e22617.
Firth, A.E., Brierley, I., 2012. Non-canonical translation in RNA viruses. J. Gen. Virol.
93, 1385–1409.
Firth, A.E., Wills, N.M., Gesteland, R.F., Atkins, J.F., 2011. Stimulation of stop codon
readthrough: frequent presence of an extended 30 RNA structural element.
Nucleic Acids Res. 39, 6679–6691.
Gallie, D.R., 2001. Cap-independent translation conferred by the 50 leader of tobacco
etch virus is eukaryotic initiation factor 4G dependent. J. Virol. 75, 12141–12152.
Gallie, D.R., 2002. The 50-leader of tobacco mosaic virus promotes translation
through enhanced recruitment of eIF4F. Nucleic Acids Res. 30, 3401–3411.
Gallie, D.R., Walbot, V., 1990. RNA pseudoknot domain of tobacco mosaic virus can
functionally substitute for a poly(A) tail in plant and animal cells. Genes Dev. 4,
1149–1157.
Gao, F., Kasprzak, W.K., Szarko, C., Shapiro, B.A., Simon, A.E., 2014. The 30
untranslated region of Pea Enation Mosaic Virus contains two T-shaped,
ribosome-binding, cap-independent translation enhancers. J. Virol. 88,
11696–11712.
Haasnoot, P.C., Brederode, F.T., Olsthoorn, R.C., Bol, J.F., 2000. A conserved hairpin
structure in Alfamovirus and Bromovirus subgenomic promoters is required for
efﬁcient RNA synthesis in vitro. RNA 6, 708–716.
Hu, B., Pillai-Nair, N., Hemenway, C., 2007. Long-distance RNA-RNA interactions
between terminal elements and the same subset of internal elements on the
potato virus X genome mediate minus- and plus-strand RNA synthesis. RNA 13,
267–280.
Huang, Y.L., Han, Y.T., Chang, Y.T., Hsu, Y.H., Meng, M., 2004. Critical residues for GTP
methylation and formation of the covalent m7GMP-enzyme intermediate in the
capping enzyme domain of Bamboo mosaic virus. J. Virol. 78, 1271–1280.
Iwakawa, H.O., Mine, A., Hyodo, K., An, M., Kaido, M., Mise, K., Okuno, T., 2011.
Template recognition mechanisms by replicase proteins differ between bipar-
tite positive-strand genomic RNAs of a plant virus. J. Virol. 85, 497–509.
Iwakawa, H.O., Kaido, M., Mise, K., Okuno, T., 2007. Cis-acting core RNA elements
required for negative-strand RNA synthesis and cap-independent translation
are separated in the 30-untranslated region of Red clover necrotic mosaic virus
RNA1. Virology 369, 168–181.
Jaag, H.M., Kawchuk, L., Rohde, W., Fischer, R., Emans, N., Prüfer, D., 2003. An
unusual internal ribosomal entry site of inverted symmetry directs expression
of a potato leafroll polerovirus replication-associated protein. Proc. Natl. Acad.
Sci. USA 100, 8939–8944.
Jiwan, S.D., White, K.A., 2011. Subgenomic mRNA transcription in Tombusviridae.
RNA Biol. 8, 287–294.
Jiwan, S.D., Wu, B., White, K.A., 2011. Subgenomic mRNA transcription in tobacco
necrosis virus. Virology 418, 1–11.
Karetnikov, A., Lehto, K., 2007. The RNA2 50 leader of Blackcurrant reversion virus
mediates efﬁcient in vivo translation through an internal ribosomal entry site
mechanism. J. Gen. Virol. 88, 286–297.
Kawamura-Nagaya, K., Ishibashi, K., Huang, Y.P., Miyashita, S., Ishikawa, M., 2014.
Replication protein of tobacco mosaic virus cotranslationally binds the 50
untranslated region of genomic RNA to enable viral replication. Proc. Natl.
Acad. Sci. USA 111 (16), E1620–E1628.
Khan, M.A., Miyoshi, H., Gallie, D.R., Goss, D.J., 2008. Potyvirus genome-linked
protein, VPg, directly affects wheat germ in vitro translation: interactions with
translation initiation factors eIF4F and eIFiso4F. J. Biol. Chem. 283, 1340–1349.
Khan, M.A., Yumak, H., Goss, D.J., 2009. Kinetic mechanism for the binding of eIF4F
and tobacco Etch virus internal ribosome entry site RNA: effects of eIF4B and
poly(A)-binding protein. J. Biol. Chem. 284, 35461–35470.
Kim, C.H., Kao, C.C., 2001. A mutant viral RNA promoter with an altered conforma-
tion retains efﬁcient recognition by a viral RNA replicase through a solution-
exposed adenine. RNA 7, 1476–1485.
Kim, C.H., Kao, C.C., Tinoco Jr., I., 2000. RNA motifs that determine speciﬁcity
between a viral replicase and its promoter. Nat. Struct. Biol. 7, 415–423.
Koh, D.C., Wong, S.M., Liu, D.X., 2003. Synergism of the 30-untranslated region and
an internal ribosome entry site differentially enhances the translation of a plant
virus coat protein. J. Biol. Chem. 278, 20565–20573.
Kovalev, N., Nagy, P.D., 2014. The expanding functions of cellular helicases: the
tombusvirus RNA replication enhancer co-opts the plant eIF4AIII-like AtRH2
and the DDX5-like AtRH5 DEAD-box RNA helicases to promote viral asym-
metric RNA replication. PLoS Pathog. 10 (4), e1004051.
Kovalev, N., Pogany, J., Nagy, P.D., 2014. Template role of double-stranded RNA in
tombusvirus replication. J. Virol. 88, 5638–5651.
Kwon, S.J., Park, M.R., Kim, K.W., Plante, C.A., Hemenway, C.L., Kim, K.H., 2005. Cis-
acting sequences required for coat protein binding and in vitro assembly of
Potato virus X. Virology 334, 83–97.
Lin, H.X., White, K.A., 2004. A complex network of RNA–RNA interactions controls
subgenomic mRNA transcription in a tombusvirus. EMBO J. 23, 3365–3374.
Leathers, V., Tanguay, R., Kobayashi, M., Gallie, D.R., 1993. A phylogenetically
conserved sequence within viral 30 untranslated RNA pseudoknots regulates
translation. Mol. Cell Biol. 13, 5331–5347.
Lough, T.J., Lee, R.H., Emerson, S.J., Forster, R.L., Lucas, W.J., 2006. Functional analysis
of the 50 untranslated region of potexvirus RNA reveals a role in viral replication
and cell-to-cell movement. Virology 351, 455–465.
Low, J.T., Weeks, K.M., 2010. SHAPE-directed RNA secondary structure prediction.
Methods 52, 150–158.
Matsuda, D., Dreher, T.W., 2004. The tRNA-like structure of Turnip yellow mosaic
virus RNA is a 30-translation enhancer. Virology 321, 36–46.
McCormack, J.C., Yuan, X., Yingling, Y.G., Kasprzak, W., Zamora, R.E., Shapiro, B.A.,
Simon, A.E., 2008. Structural domains within the 30 untranslated region of
Turnip crinkle virus. J. Virol. 82, 8706–8720.
Miller, W.A., Dreher, T.W., Hall, T.C., 1985. Synthesis of brome mosaic virus
subgenomic RNA in vitro by internal initiation on ()-sense genomic RNA.
Nature 313, 68–70.
Miller, W.A., Giedroc, D.P., 2010. Ribosomal frameshifting in decoding plant viral
RNAs. In recoding: expansion of decoding rules enriches gene expression. In:
Atkins, J., Gesteland, R. (Eds.), Nucleic Acids and Molecular Biology, vol. 24.
Springer, New York, pp. 193–220.
Miller, E.D., Plante, C.A., Kim, K.H., Brown, J.W., Hemenway, C., 1998. Stem–loop
structure in the 50 region of potato virus X genome required for plus-strand
RNA accumulation. J. Mol. Biol. 284, 591–608.
Miras, M., Sempere, R.N., Kraft, J.J., Miller, W.A., Aranda, M.A., Truniger, V., 2014.
Interfamilial recombination between viruses led to acquisition of a novel
L.R. Newburn, K.A. White / Virology 479-480 (2015) 434–443442
translation-enhancing RNA element that allows resistance breaking. New
Phytol. 202, 233–246.
Monkewich, S., Lin, H.X., Fabian, M.R., Xu, W., Na, H., Ray, D., Chernysheva, O.A.,
Nagy, P.D., White, K.A., 2005. The p92 polymerase coding region contains an
internal RNA element required at an early step in Tombusvirus genome
replication. J. Virol. 79, 4848–4858.
Mundry, K.W., Watkins, P.A., Ashﬁeld, T., Plaskitt, K.A., Eisele-Walter, S., Wilson, T.M.,
1991. Complete uncoating of the 50 leader sequence of tobacco mosaic virus RNA
occurs rapidly and is required to initiate cotranslational virus disassembly
in vitro. J. Gen. Virol. 72, 769–777.
Mukhamedzhanova, A.A., Smirnov, A.A., Arkhipenko, M.V., Ivanov, P.A., Chirkov, S.N.,
Rodionova, N.P., Karpova, O.V., Atabekov, J.G., 2011. Characterization of alter-
nanthera mosaic virus and its coat protein. Open Virol. J. 215, 136–140.
Na, H., White, K.A., 2006. Structure and prevalence of replication silencer-30
terminus RNA interactions in Tombusviridae. Virology 345, 305–316.
Nagy, P.D., Barajas, D., Pogany, J., 2012. Host factors with regulatory roles in
tombusvirus replication. Curr. Opin. Virol. 2, 691–698.
Namy, O., Moran, S.J., Stuart, D.I., Gilbert, R.J., Brierley, I., 2006. A mechanical
explanation of RNA pseudoknot function in programmed ribosomal frameshift-
ing. Nature 441, 244–247.
Newburn, L.R., Nicholson, B.L., Yoseﬁ, M., Cimino, P.A., White, K.A., 2014. Transla-
tional readthrough in Tobacco necrosis virus-D. Virology 450–451, 258–265.
Nicholson, B.L., Lee, P.K., White, K.A., 2012. Internal RNA replication elements are
prevalent in Tombusviridae. Front. Microbiol. 3, 279.
Nicholson, B.L., White, K.A., 2011. 30Cap-independent translation enhancers of
positive-stranded RNA plant viruses. Curr. Opin. Virol. 1, 373–380.
Nicholson, B.L., Wu, B., Chevtchenko, I., White, K.A., 2010. Tombusvirus recruitment
of host translational machinery via the 30 UTR. RNA 16, 1402–1419.
Nicholson, B.L., Zaslaver, O., Mayberry, L.K., Browning, K.S., White, K.A., 2013.
Tombusvirus Y-shaped translational enhancer forms a complex with eIF4F and
can be functionally replaced by heterologous translational enhancers. J. Virol.
87, 1872–1883.
Panavas, T., Pogany, J., Nagy, P.D., 2002. Analysis of minimal promoter sequences for
plus-strand synthesis by the Cucumber necrosis virus RNA-dependent RNA
polymerase. Virology 296, 263–274.
Panavas, T., Panaviene, Z., Pogany, J., Nagy, P.D., 2003. Enhancement of RNA
synthesis by promoter duplication in tombusviruses. Virology 310, 118–129.
Park, M.R., Seo, J.K., Kim, K.H., 2013. Viral and nonviral elements in potexvirus
replication and movement and in antiviral responses. Adv. Virus Res. 87,
75–112.
Petrova, E.K., Nikitin, N.A., Protopopova, A.D., Arkhipenko, M.V., Yaminsky, I.V.,
Karpova, O.V., Atabekob, J.G., 2013. The role of the 50-cap structure in viral
ribonucleoproteins assembly from potato virus X coat protein and RNAs.
Biochimie 95, 2415–2422.
Pillai-Nair, N., Kim, K.H., Hemenway, C., 2003. Cis-acting regulatory elements in the
potato virus X 30 non-translated region differentially affect minus-strand and
plus-strand RNA accumulation. J. Mol. Biol. 326, 701–720.
Pogany, J., Fabian, M.R., White, K.A., Nagy, P.D., 2003. A replication silencer element
in a plus-strand RNA virus. EMBO J. 22, 5602–5611.
Pogany, J., White, K.A., Nagy, P.D., 2005. Speciﬁc binding of tombusvirus replication
protein p33 to an internal replication element in the viral RNA is essential for
replication. J. Virol. 79, 4859–4869.
Prasanth, K.R., Huang, Y.W., Liou, M.R., Wang, R.Y., Hu, C.C., Tsai, C.H., Meng, M., Lin,
N.S., Hsu, Y.H., 2011. Glyceraldehyde 3-phosphate dehydrogenase negatively
regulates the replication of Bamboo mosaic virus and its associated satellite
RNA. J. Virol. 85, 8829–8840.
Qu, F., Morris, T.J., 1997. Encapsidation of turnip crinkle virus is deﬁned by a speciﬁc
packaging signal and RNA size. J. Virol. 71, 1428–1435.
Rossmann, M.G., 2013. Structure of viruses: a short history. Q. Rev. Biophys. 46,
133–180.
Shaw, J.G., Plaskitt, K.A., Wilson, T.M., 1986. Evidence that tobacco mosaic virus
particles disassemble cotranslationally in vivo. Virology 148, 326–336.
Simon, A.E., 2015. 30UTRs of carmoviruses. Virus Res. http://dx.doi.org/10.1016/j.
virusres.2015.01.023, in press.
Simon, A.E., Miller, W.A., 2013. 30 cap-independent translation enhancers of plant
viruses. Annu. Rev. Microbiol. 67, 21–42.
Sit, T.L., Leclerc, D., AbouHaidar, M.G., 1994. The minimal 50 sequence for in vitro
initiation of papaya mosaic potexvirus assembly. Virology 199, 238–242.
Sit, T.L., Vaewhongs, A.A., Lommel, S.A., 1998. RNA-mediated trans-activation of
transcription from a viral RNA. Science 281, 829–832.
Sivakumaran, K., Bao, Y., Roossinck, M.J., Kao, C.C., 2000. Recognition of the core
RNA promoter for minus-strand RNA synthesis by the replicases of Brome
mosaic virus and Cucumber mosaic virus. J. Virol. 74, 10323–10331.
Sivakumaran, K., Choi, S.K., Hema, M., Kao, C.C., 2004. Requirements for brome
mosaic virus subgenomic RNA synthesis in vivo and replicase-core promoter
interactions in vitro. J. Virol. 78, 6091–6101.
Sivakumaran, K., Kim, C.H., Tayon Jr., R., Kao, C.C., 1999. RNA sequence and
secondary structural determinants in a minimal viral promoter that directs
replicase recognition and initiation of genomic plus-strand RNA synthesis.
J. Mol. Biol. 294, 667–682.
Skulachev, M.V., Ivanov, P.A., Karpova, O.V., Korpela, T., Rodionova, N.P., Dorokhov, Y.L.,
Atabekov, J.G., 1999. Internal initiation of translation directed by the 50-untrans-
lated region of the tobamovirus subgenomic RNA I2. Virology 263, 139–154.
Skuzeski, J.M., Nichols, L.M., Gesteland, R.F., Atkins, J.F., 1991. The signal for a leaky
UAG stop codon in several plant viruses includes the two downstream codons.
J. Mol. Biol. 218, 365–373.
Steckert, J.J., Schuster, T.M., 1982. Sequence speciﬁcity of trinucleoside diphosphate
binding to polymerized tobacco mosaic virus protein. Nature 299, 32–36.
Stupina, V.A., Meskauskas, A., McCormack, J.C., Yingling, Y.G., Shapiro, B.A., Dinman,
J.D., Simon, A.E., 2008. The 30 proximal translational enhancer of Turnip crinkle
virus binds to 60S ribosomal subunits. RNA 14, 2379–2393.
Stupina, V.A., Yuan, X., Meskauskas, A., Dinman, J.D., Simon, A.E., 2011. Ribosome
binding to a 50 translational enhancer is altered in the presence of the 30
untranslated region in cap-independent translation of turnip crinkle virus.
J. Virol. 85, 4638–4653.
Sullivan, M.L., Ahlquist, P., 1999. A brome mosaic virus intergenic RNA3 replication
signal functions with viral replication protein 1a to dramatically stabilize RNA
in vivo. J. Virol. 73, 2622–2632.
Sztuba-Solińska, J., Stollar, V., Bujarski, J.J., 2011. Subgenomic messenger RNAs:
mastering regulation of (þ)-strand RNA virus life cycle. Virology 412, 245–255.
Tajima, Y., Iwakawa, H.O., Kaido, M., Mise, K., Okuno, T., 2011. A long-distance RNA-
RNA interaction plays an important role in programmed -1 ribosomal frame-
shifting in the translation of p88 replicase protein of Red clover necrotic mosaic
virus. Virology 417, 169–178.
Tatsuta, M., Mizumoto, H., Kaido, M., Mise, K., Okuno, T., 2005. The red clover
necrotic mosaic virus RNA2 trans-activator is also a cis-acting RNA2 replication
element. J. Virol. 79, 978–986.
Treder, K., Kneller, E.L., Allen, E.M., Wang, Z., Browning, K.S., Miller, W.A., 2008. The
30 cap-independent translation element of Barley yellow dwarf virus binds
eIF4F via the eIF4G subunit to initiate translation. RNA 14, 134–147.
Tsai, M.S., Hsu, Y.H., Lin, N.S., 1999. Bamboo mosaic potexvirus satellite RNA
(satBaMV RNA)-encoded P20 protein preferentially binds to satBaMV RNA.
J. Virol. 73, 3032–3039.
Turner, D.R., Butler, P.J., 1986. Essential features of the assembly origin of tobacco
mosaic virus RNA as studied by directed mutagenesis. Nucleic Acids Res. 14,
9229–9242.
Turner, D.R., Joyce, L.E., Butler, P.J., 1988. The tobacco mosaic virus assembly origin RNA.
Functional characteristics deﬁned by directedmutagenesis. J. Mol. Biol. 203, 531–547.
Urban, C., Zerfass, K., Fingerhut, C., Beier, H., 1996. UGA suppression by tRNACm-
CATrp occurs in diverse virus RNAs due to a limited inﬂuence of the codon
context. Nucleic Acids Res. 24, 3424–3430.
Wang, S., Mortazavi, L., White, K.A., 2008. Higher-order RNA structural require-
ments and small-molecule induction of tombusvirus subgenomic mRNA
transcription. J. Virol. 82, 3864–3871.
Wang, R.Y., Nagy, P.D., 2008. Tomato bushy stunt virus co-opts the RNA-binding
function of a host metabolic enzyme for viral genomic RNA synthesis. Cell Host
Microbe 3, 178–187.
Wang, Z., Parisien, M., Scheets, K., Miller, W.A., 2011. The cap-binding translation
initiation factor, eIF4E, binds a pseudoknot in a viral cap-independent transla-
tion element. Structure 19, 868–880.
Wang, Z., Treder, K., Miller, W.A., 2009. Structure of a viral cap-independent
translation element that functions via high afﬁnity binding to the eIF4E subunit
of eIF4F. J. Biol. Chem. 284, 14189–14202.
Wang, S., White, K.A., 2007. Riboswitching on RNA virus replication. Proc. Natl.
Acad. Sci. USA 104, 10406–10411.
Wierzchoslawski, R., Urbanowicz, A., Dzianott, A., Figlerowicz, M., Bujarski, J.J.,
2006. Characterization of a novel 50 subgenomic RNA3a derived from RNA3 of
Brome mosaic bromovirus. J. Virol. 80, 12357–12366.
White, K.A., 2002. The premature termination model: a possible third mechanism for
subgenomic mRNA transcription in (þ)-strand RNA viruses. Virology 304, 147–154.
White, K.A., Nagy, P.D., 2004. Advances in the molecular biology of tombusviruses:
gene expression, genome replication, and recombination. Prog. Nucleic Acid
Res. Mol. Biol. 78, 187–226.
Wu, B., Grigull, J., Ore, M.O., Morin, S., White, K.A., 2013. Global organization of a
positive-strand RNA virus genome. PLoS Pathog. 9 (5), e1003363.
Wu, B., Oliveri, S., Mandic, J., White, K.A., 2010. Evidence for a premature
termination mechanism of subgenomic mRNA transcription in a carmovirus.
J. Virol. 84, 7904–7907.
Wu, B., Pogany, J., Na, H., Nicholson, B.L., Nagy, P.D., White, K.A., 2009. A discontinuous
RNA platform mediates RNA virus replication: building an integrated model for
RNA-based regulation of viral processes. PLoS Pathog. 5 (3), e1000323.
Wu, X., Shaw, J.G., 1997. Evidence that a viral replicase protein is involved in the
disassembly of tobacco mosaic virus particles in vivo. Virology 239, 426–434.
Wu, X., Xu, Z., Shaw, J.G., 1994. Uncoating of tobacco mosaic virus RNA in
protoplasts. Virology 200, 256–262.
Xu, W., White, K.A., 2008. Subgenomic mRNA transcription in an aureusvirus:
down-regulation of transcription and evolution of regulatory RNA elements.
Virology 371, 430–438.
Yi, G., Kao, C., 2008. Cis- and trans-acting functions of brome mosaic virus protein
1a in genomic RNA1 replication. J. Virol. 82, 3045–3053.
Zeenko, V., Gallie, D.R., 2005. Cap-independent translation of tobacco etch virus is
conferred by an RNA pseudoknot in the 50-leader. J. Biol. Chem. 280, 26813–26824.
Zhang, G., Zhang, J., Simon, A.E., 2004. Repression and derepression of minus-strand
synthesis in a plus-strand RNA virus replicon. J. Virol. 78, 7619–7633.
Zimmern, D., 1983. An extended secondary structure model for the TMV assembly
origin, and its correlation with protection studies and an assembly defective
mutant. EMBO J. 2, 1901–1907.
Zuo, X., Wang, J., Yu, P., Eyler, D., Xu, H., Starich, M.R., Tiede, D.M., Simon, A.E.,
Kasprzak, W., Schwieters, C.D., Shapiro, B.A., Wang, Y.X., 2010. Solution structure
of the cap-independent translational enhancer and ribosome-binding element in
the 30 UTR of Turnip crinkle virus. Proc. Natl. Acad. Sci. USA 107, 1385–1390.
L.R. Newburn, K.A. White / Virology 479-480 (2015) 434–443 443
